Hydroxyl radical (OH • ) is a reactive oxygen species produced during severe hypoxia, asphyxia or ischemia that can cause cell death resulting in brain damage. Generation of OH
) is a reactive oxygen species produced during severe hypoxia, asphyxia or ischemia that can cause cell death resulting in brain damage. Generation of OH
• may occur in the fetal brain during asphyxia in utero. The very short half-life of OH • requires use of trapping agents such as salicylic acid or phenylalanine for detection, but their hydroxylated derivatives are either unstable, produced endogenously, or difficult to measure in the small volume of microdialysis samples. In the present study we used terephthalic acid (TA), hydroxylation of which yields a stable and highly fluorometric isomer (excitation, 326nm; emission, 432nm). In vitro studies using OH
• generated by the Fenton reaction showed that hydroxylated terephthalic acid formed quickly (< 10 sec), was resistant to bleaching (< 5% change in fluorescence), and permitted detection of < 0.5 pmol OH
• .
In vivo studies were performed in fetal sheep using microdialysis probes implanted into the parasagittal cortex. The probe was perfused at 2 µl/min with artificial CSF containing 5 mM TA and samples collected every 30 min. Fluorescence measured in 10 µl of dialysate was significantly greater than in the efflux from probes perfused without TA. HPLC analysis showed that the fluorescence in dialysis samples was entirely due to hydroxylation of TA. Thus, this study shows it is possible to use terephthalic acid as a trapping agent for detecting low concentration of OH • both in vitro and in vivo, and that low concentrations of OH • are present in fetal brain tissue and fluctuate with time.
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INTRODUCTION
Reactive oxygen species (ROS) are free radicals produced by most cells under normal and pathological conditions, but particularly by activated neutrophils (4, 8, 20) , microglia (15, 19, 34) and macrophages (9) . High concentrations of ROS, particularly the highly reactive hydroxyl radical (OH • ), induce lipid peroxidation (16) , DNA and RNA fragmentation (38) and mitochondrial compromise that can lead to cell death (7, 31) . Because OH • has very short half life (eg. nanoseconds), it is usually measured indirectly using trapping agents in both in vitro and in vivo experiments (36) . Salicylic acid and phenylalanine are the most commonly used trapping agents. Salicylic acid has relatively high sensitivity for OH • and is readily measured by electrochemistry (6) .
Hydroxylation of salicylic acid produces two isomers, viz., 2,3-and 2,5-dihydroxbenzonic acid (DHBA). Because 2,5-DHBA can be produced by in vivo enzymic reaction, the only reliable measurement to determine the change of OH • is from 2,3-DHBA derived from exogenously administrated salicylic acid. Further to this complication in hydroxylation products, salicylic acid also inhibits cyclooxygenase (COX) activity (2, 17, 18, 24) , itself an important source of ROS (29) and the means by which prostaglandins are produced. Phenylalanine has been suggested as an alternative to salicylic acid (37), but its low sensitivity and rate of hydroxylation have restricted its use. Furthermore, phenylalanine reacts with OH • to produce meta-, para-, and ortho-tyrosine, and para-tyrosine is produced endogenously and therefore cannot be used to report changes of OH • production. Thus, both methods are somewhat inaccurate and unreliable, particularly when the endogenous OH • concentration is low.
Real-time measurement of OH • in vivo has used microdialysis to deliver the trapping agent into the tissue, and then to collect the hydroxylated product in the efflux from the probe. In this study, we have advanced the use of this technique to an in utero study of the fetal sheep brain, but it has the disadvantage that relatively long (>80 cm) lengths of inlet and outlet tubing must be used to traverse the uterine wall and maternal abdomen.
The transit time of the sample from the tip of the probe to the collection vial is therefore quite long (~1 h), necessitating the use of hydroxylation products that are very stable.
Salicylic acid proved to be unsuitable for this purpose, leading us to search for an alternative compound that was both a sensitive and stable marker of endogenously produced OH
In this study, we evaluate the use of terephthalic acid (TA) as a trapping agent for OH • .
TA has a configuration of two carboxyl side groups attached to a six carbon ring at position 1 and 4 to form a structurally symmetrical compound (Figure 1,A 
MATERIALS AND METHODS
All chemicals were of the highest grade available from commercial suppliers. TA, salicylic acid and 2-bromoterephthalic acid were obtained from Sigma-Aldrich. 
Ortho-OH-TA Standard
As authentic 2-OH-TA is not a commercially available compound, it was synthesized according to Miura (1988) HPLC system equipped with the same fluorescent detector, as described below. 
In Vivo Microdialysis Study

Determination of 2-OH-TA
Fluorescence due to the presence of 2-OH-TA was determined in two ways. Firstly, 10 µl of sample was injected directly into the micro-fluorometer cell. In this case distilled de-ionized water (Milli-Q Water Purification System, Millipore, USA) was pumped through the micro-fluorometer at 1 ml/min, and the sample was injected into the flow line from a manual injector (model 7125, Rheodyne, USA) placed immediately before the cell. The total fluorescent intensity of the sample was measured at excitation of 326 nm and emission of 432 nm. Secondly, samples were injected into a HPLC chromatography system consisting of a solvent delivery system (model LC1110, GBC, Australia), a manual injector (model 7125, Rheodyne, USA), online degasser (model 3425, ERC Inc., Japan), a C 18 reverse phase column (NOVA PAK C 18 , Waters, USA), a fluorescent detector (model LC1250, GBC, Australia) and data collection software WinChrom (GBC, Australia). The mobile phase contained 50 mM KH 2 PO 4 and 30% methanol, the final pH was adjusted to 3.2 with 1 M H 3 PO 4 , and was delivered at a flow rate of 0.8 ml/min. A 10 µl of sample was injected into a HPLC system, with a total elution time was 20 min. Excitation and emission wavelengths of fluorescent detector were set at 326 and 432 nm, respectively. The concentration of 2-OH-TA in each sample was determined against a standard curve of 2-OH-TA generated from the authentic standard.
In Vitro Microdialysis Probe Recovery Rate
The recovery rate of the microdialysis probe was determined in vitro in both new probes, and probes recovered from the fetal brain at post-mortem, after implantation for 7-9 days. Each probe was perfused at 2 µl/min with modified aCSF (NaH 2 PO 4 ·H 2 O 12.5 mM, Na 2 HPO 4 37.5 mM, NaCl 90mM, KCl 4mM, pH 7.4) while immersed in the medium, which consisted of 50 mM PB and 1 µM 2-OH-TA standard. The probe was perfused for at least 30 min to equilibrate the system before the sample collection.
Three samples were collected from the microdialysis probe efflux in 10 min fractions.
The recovery rate was tested in the condition of medium was at room temperature and at 39°C. The sample and medium were analyzed for 2-OH-TA using HPLC, and recovery in the dialysate was expressed as a percentage of concentration in the medium.
Histology and Immunohistochemistry
Both ewe and fetus were killed using an overdose of sodium pentobarbitone (Lethabarb, Virbac Pty. Ltd., Australia), 24 h after starting the collection of microdialysis samples. 
RESULTS
In Vitro Data
Fluorescent excitation and emission wavelengths of 2-OH-TA have been identified in a previous study (35) , where peak emission occurred at 432 nm for an excitation wavelength of 326 nm (Figure 1,B) . In this study, scanning fluorometry of authentic 2-OH-TA standard confirmed that maximum emission occurred at excitation 326 nm, but that the peak emission was closer to 440 nm for 2-OH-TA in phosphate buffer measured by direct fluorometry (Figure 2,B) or 420 nm when 2-OH-TA was resolved using HPLC (Figure 2,A) . This difference was due to the presence of methanol in the HPLC mobile phase. In both systems the emission scan for 2-OH-TA in microdialysis samples was virtually identical for that of authentic 2-OH-TA (Figure 2 ).
Chromatographic analysis of microdialysis samples showed that all fluorescence in the sample could be accounted for by one peak, eluting at the same time (9 min) as authentic 2-OH-TA (Figure 3,A) . There was a linear relationship between fluorescence intensity and the amount of 2-OH-TA (Figure 3,B) , and the standard curve shows that at least 0.2 pmol OH
• can be detected when TA is used as the trapping agent. The in vitro recovery rate of 2-OH-TA using a new CMA/20 microdialysis probe perfused at 2 µl/min was 11.7% at room temperature (20-22 °C), and 13.2% at 39°C (the body temperature of fetal sheep). Recovery was not different for probes retrieved from the fetal brain after 5-6 days implantation (11.0% at 20-22 °C).
Ortho-OH-TA was found to be very stable (less than 5% changes in fluorescence intensity) when stored at -70°C over a 5 month testing period (Figure 4,A) .
Ortho-OH-TA was also very stable when left at room temperature for up to 6 h ( Figure   4 ,B). In contrast, the hydroxylation product of salicylic acid -2,3-DHBA -was broken down to less than 40% of the initial concentration after storage at -70°C for up to 20 days (Figure 4,A) , and increased significantly within 1.5 h and with considerable variation between samples when left at room temperature (Figure 4,B) .
In Vivo Experiment
The presence of 5 mM TA in the perfusate of microdialysis probes was sufficient to detect the basal OH • concentration in the fetal brain ( Figure 5 ). This was confirmed by
showing that the fluorescence of dialysate samples without TA in the perfusate was considerably less than when TA was present. Furthermore, as shown above, fluorescence in microdialysis samples had the same emission spectrum (Figure 2) , and with HPLC eluted at the time (Figure 3,A) , as authentic 2-OH-TA. As 2-OH-TA was the only source of fluorescence in the sample, it was possible to measure 2-OH-TA using the micro-fluorometer directly without a prior HPLC setup. When dialysate samples were first measured by direct micro-fluorometry and subsequently by the HPLC method, the total fluorescence and estimated 2-OH-TA concentration, respectively, and their variation over 20 h of continuous microdialysis were essentially the same ( Figure   5 ).
Histology
The location of the microdialysis probe tip in the brain is very important due to difference in cell type and cellular biochemistry of different brain regions. Only animals with the microdialysis probe tip located in grey matter were included in data analysis (n = 4). 
DISCUSSION
Hydroxyl radical is a very reactive ROS produced during normal (27) The salicylate hydroxylation method has been widely used in the past two decades in both in vitro and in vivo settings and, amongst many applications, to investigate the effects on the brain of cerebral ischemia (21, 40) , head injury (10), and neurological disease (11) . However, the use of this trapping agent has recently been questioned (3, 12) . Because salicylate inhibits COX activity -an important enzyme for prostaglandin production and a pathway with many physiological functions in both normal and disease conditions (33, 39) , it has a significant limitation when prostaglandins are involved in responses to stress and trauma in the brain. This is almost certainly the case in the fetal and newborn brain, where prostaglandins are involved in the regulation of cerebral blood flow and neural activity that determines sleep and breathing activity (22) .
Furthermore, salicylate inhibits phospholipase C and interacts with several transition metal ions (5).
Another benzoic acid compound, phenylalanine, has been suggested as the alternative to salicylate as it has fewer identified side effects (37) . However, chemokinetic studies
show that hydroxylation of phenylalanine is very slow (37) , and the amount of OH
• required to hydroxylate phenylalanine is rarely present in tissues, even in the abnormal conditions. Furthermore, a cautionary note suggested that unknown compound(s)
co-eluted with m-tyrosine in ischemia-reperfusion experiments, thereby casting doubt on the accuracy of using this adduct for the measurement of OH • in vivo (30) .
The present study shows that TA has properties that make it a superior trapping agent for OH • compared to either salicylic acid or phenylalanine. TA is not normally present in tissues, or is a reactant in biochemical processes. It is very reactive with OH • with a faster hydroxylation rate compared to other trapping agents (35) . Only one hydroxylated stereo-isomer is formed when TA reacts with OH The increase in 2-OH-TA during or soon after the asphyxial insult demonstrates the sensitivity of the TA method to detect changes of OH • production using microdialysis, and the increase in lipid peroxidation is consistent with the presence of oxidative stress.
Hydroxyl radical arises from hydrogen peroxide in the presence of iron as a Fenton reaction product, and as iron is abundant in the developing brain (32) , this is likely to be a major reason for the in vivo production of OH
• . While we were not able to measure iron in the microdialysis samples, this might simply mean that sufficient free iron does not enter the extracellular fluid and is under the detection limit of our assay.
Limitation and Advantage of the methodology
Microdialysis is a powerful method for measuring biochemical changes in tissues in real-time, in situ. However, it has had limited application to the study of fetal brain 
